Infrared light represents a broad spectrum of light with wavelengths from 700 nm to 1 million nm (1,000 microns). At its shortest wavelengths (referred to as near-infrared), it merges with the red spectrum of visible light. At the longest end (referred to as far-infrared), it blends into the range of microwaves. Near-infrared light has gained increased attention for its ability to activate anti-inflammatory processes and is now widely used in veterinary medicine to treat sprains, bone fractures, and to speed the healing of wounds. Over the last ten years, there has been an assemblage of animal studies focusing on the use of transcranial near-infrared light therapy (NILT) to treat brain injury from stroke or trauma.

While not fully understood, the mechanisms underlying the therapeutic benefits of NILT appear to depend upon the absorption of NIR photons in the wavelength range of 600--1,200 nm by cytochrome c oxidase in the mitochondria (Karu and Kolyakov, 2005; Chung et al., 2012; Henderson and Morries, 2015a). In addition to increasing adenosine triphosphate (ATP) production, NILT can modulate reactive oxygen species, activate mitochondrial DNA replication, increase early-response genes, increase growth factor expression, induce synaptogenesis, and stimulate cell proliferation (Vacca et al., 1993; Leung et al., 2002; Huang et al., 2009; Chen et al., 2011; Chung et al., 2012; Henderson and Morries, 2015a). Animal studies of low-level infrared light therapy (LLLT) have shown demonstrable neuroregeneration and repair (Oron et al., 2006; Lapchak, 2010; Xuan et al., 2014; Henderson and Morries, 2015a). In rodent models of stroke, light delivered with power densities of 0.9 -- 36 J/cm^2^ applied at 24 hours after injury reduced neurological deficits by 32% and induced neuron proliferation and migration (Chung et al., 2012). In animal models of traumatic brain injury (TBI), the number of apoptotic neurons was reduced following LLLT using similar fluence (Oron et al., 2007; Xuan et al., 2014; Henderson and Morries, 2015a). In addition, decreased expression of pro-apoptotic genes, increased expression of anti-apoptotic genes, and increased expression of neurotrophic factors, such as nerve growth factor and brain-derived neurotrophic factor (BDNF), were induced by near-infrared light in a fluence range of 0.9 -- 36 J/cm^2^ (Xuan et al., 2014; Henderson and Morries, 2015a; Morries et al., 2015) (see **[Figure 1](#F1){ref-type="fig"}**).
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Near infrared light (600-980 nm) penetrates tissue and a fraction of the photonic energy reaches the mitochondria. The light of particular wavelengths is absorbed by cytochrome C oxidase and activates increased ATP production, increased production of reactive oxygen species (ROS), reactive nitrogen species (RNS), and possibly increases nitric oxide (Chung et al., 2012; Henderson and Morries, 2015). Downstream events include increased early response genes -- c-fos, c-jun and activation of nuclear factor kappa B (NF-κB), which in turn induces increased transcription of gene products leading to synaptogenesis, neurogenesis, and increased production of inflammatory mediators and growth factors (Henderson and Morries, 2015a). Clinically, this results in decreased symptoms of headache, cognitive impairment, sleep disturbance, anxiety, and depression (Morries et al., 2015). Functional neuroimaging demonstrates increased cortical function. The case illustrated is of a patient with a 30 year old moderate traumatic brain injury (TBI). Shown is the contralateral hemisphere with marked diffuse hypoperfusion indicating widespread dysfunction. Following a course of NILT, the patient had demonstrable clinical improvement and significantly improved cerebral perfusion/function (Henderson and Morries, 2015b). SPECT scan data was processed and a map of statistically significant differences from a normative database was generated using the Oasis software by Segami, Inc. The color scale indicates gray for areas that do not differ significantly from the normative database. In contrast, areas of green, light blue, and dark blue represent areas of more than 2, 3, and 4 SD below the mean perfusion of the normative database, respectively. Statistically significant increases in perfusion are illustrated in the red color scale not seen in this patient\'s brain map.](NRR-11-563-g001){#F1}

An important distinction needs to be made between amount of energy delivered to the skin surface and amount of energy which reaches the target tissue. For example, 0.03 -- 0.3 J/cm^2^ of energy delivered to a monolayer of cells in tissue culture was sufficient to activate transcription factors (Chen et al., 2011; Henderson and Morries, 2015a; Morries et al., 2015), while two orders of magnitude greater energy (30 J/cm^2^) was required to effect change in a rodent joint inflammation model (Castano et al., 2007; Morries et al, 2015). This distinction is because only a very small percentage of the fluence delivered to the skin surface can penetrate tissues. Indeed, Esnouf and colleagues reported that only 34% of an 850 nm continuous light source at 100 mW could penetrate 0.784 mm of human skin. Approximately 89% of 820 nm light will penetrate 0.4 mm of epidermis (Kolari, 1985) and about 13.5% traverses 2 mm of skin (Henderson and Morries, 2015a). Our laboratory research shows considerably less penetration by low level NIR. We found energy from a 50 mW 810 nm LED did not penetrate 2 mm of human or sheep skin (Henderson and Morries, 2015a). Similarly, no energy could be detected penetrating either human skin or sheep skin from a 200 mW LED (650 + 880 nm). Using higher energy devices, we found 9% of the energy from the 10 W combined 810/980 nm continuous wave infrared laser passed through 2 mm of skin (human or sheep).

The penetration of 810 nm energy through the entire depth of a mouse brain (3--5 mm) is reportedly 1--4% (Khuman et al., 2012). Hudson and colleagues (2013) measured 1 W 808/980 nm emitter photonic energy at varying depths of bovine muscle. They found the attenuation of 808 nm light at 3 cm was 99%. Similarly, we have found only 0.6% of 810 nm light delivered at 13.5W to the dorsum of the human hand could be detected penetrating the 25 mm of living tissue (Henderson and Morries, 2015a). Jagdeo and colleagues (2012) made similar observations - only 0.01--0.09% of 830 nm light from a 0.5 W emitter penetrated this distance of 25 mm.

Fitzgerald and colleagues (2013) modeled light penetration into the human brain using a 670 nm LED emitting 28 mW/cm^2^. Using a diffusion simulation computer model with assumptions of 10 mm of overlying scalp and skull, they derived that at the center of the brain (estimated at 56 mm), power density would be approximately 1.2 × 10^--11^ W/cm^2^ for 670 nm light. This would be *insufficient fluence* to exert a neuroregenerative effect. In our laboratory, we have modeled the human head by use of bisected, freshly slaughtered sheep heads (Henderson and Morries, 2015a). We found that NIR devices generating less than 1 W could not produce sufficient fluence at the surface to penetrate to 3 cm of depth. The energy from a 6 W LED system showed a 99.998% drop across 3 cm of tissue. In contrast, 0.14% of the energy from a 10 W 810/980 nm device penetrated 3 cm of tissue. At 15 W, an 810 nm emitter in continuous mode delivered 1.26% of the surface power density to the depth of 3 cm depth. Using pulsed NIR emission settings, a lower overall power density was delivered to the surface; however, similar penetration was achieved. Anders and colleagues have explored infrared light penetration in human cadaver heads and demonstrate measurable penetration of 808 nm light to the depth of 4 cm at 5 W (Tedford et al., 2015). The components features of the human head have also been studied. The penetration of 808--830 nm NIR light through dissected human skull ranges from 4.5% (Lapchak et al., 2015) to 11.7% (Jagdeo et al., 2012). When the combination of human scalp and skull were studied, penetration of an 810 nm NIR light at 1 W was reduced to 0.54% (Lychagov et al., 2006).

Human studies of NILT have been inconsistent, but promising. Three randomized, placebo-controlled clinical trials of low power NILT for the treatment of stroke yielded mixed results. The first trial demonstrated efficacy (Lampl et al., 2007). The subsequent clinical trials failed to show change in infarct size (Zivin et al., 2009; Kasner et al., 2013) or clinical efficacy (Hacke et al., 2014). Lapchak (2010) reported that the physical parameters of NILT in these clinical trials may have delivered *insufficient fluence* to cortical tissues to be effective. In these clinical trials, continuous wave NIR light of 808 nm wavelength with infrared energy densities of 0.9 J/cm^2^ was applied to the human scalp for a total of 40 minutes (Lapchak, 2010).

The limitations of low power NILT may include yielding only a transient effect. In a case report of two patients with TBI, a prolonged course of treatment was conducted with an 870 nm LED instrument at a fluence of 13.3 J/cm^2^, with 10 minutes per site over 4--60 months (Naesser et al., 2011). The patients experienced improvement in sustained attention, memory, and executive functions, but only transiently. If the patients stopped treatment for even a few days, they began to regress. A later case series of eleven patients treated with a similar LED device which delivered NIR wavelength 870 nm and 633 nm (red light) at a fluence of 13 J/cm^2^, for 20 minutes per session demonstrated improved attention, inhibition, and verbal memory based on psychological testing after 18 sessions (Naesser et al., 2014). It is not clear if the benefits in this case series were transient.

Our experience with multi-watt NIR therapy has been somewhat more encouraging. Using NIR lasers with a power range of 8--13 W, we have been treating TBI for the past five years. To date, we have treated over 25 patients and currently are preparing to begin a double-blind, sham-controlled clinical trial. We recently published data on our first eleven patients in a case series (Morries et al., 2015) and a case report (Henderson and Morries, 2015b). The case series of ten patients included civilians with TBI from motor vehicle accidents and veterans with TBI from impact and from blast injuries. Over 90% of the patients had complaints of irritability, insomnia, anxiety, and depression. Six of the ten patients had persistent headaches and 50% had cognitive difficulties, attention problems, and other signs of executive dysfunction. After a course of ten treatments of NILT (20 treatments in four patients), each patient experienced significant clinical improvement. Many of their symptoms resolved. Sixty percent had no residual symptoms after treatment. The remainder had mild or greatly reduced symptoms. Cognitive function appeared to improve since all disabled or impaired patients had returned to work, although cognitive tests were not performed. The quality of life dramatically improved in all cases. Based on the power densities of 14--28 J/cm^2^ delivered to the skin of patients in our clinic, our laboratory data indicate that at the depth of 3 cm into the human brain, we should be delivering 0.8--2.4 J/cm^2^. This is exactly within the range which has been shown to activate growth factors, other genes, and neuroregenerative processes within animal models.

These patients have been followed clinically since their treatment. They have maintained the clinical benefits that they initially experienced after a relatively short course of 10 or 20 treatments. Symptoms such as headache, insomnia, irritability, anxiety, depression, suicidal ideation, fatigue, and memory or concentration difficulties were resolved or greatly reduced and did not recur. Some patients are now four years since they completed treatment and they have continued to do well, according to follow-up interviews and reports from the referring physicians. Another important feature of these patients is that the majority had brain injuries which were 3 -- 20 years old. Similarly, the case study described a patient with a 30-year old moderate TBI (see **[Figure 1](#F1){ref-type="fig"}**). Nevertheless, there were significant changes in symptoms, function, and neuroimaging findings (Henderson and Morries, 2015b).

Treatment options for TBI have been painfully limited. While there have been some encouraging reports of improvement with the use of hyperbaric oxygen, published military studies show no benefit (Morries et al., 2015). Pharmacology has been limited to symptomatic amelioration (Morries et al., 2015). Recent multi-site studies of pharmacological agents to directly treat concussion and brain injury have failed (Willyard, 2015). The overlap in symptoms between TBI and post-traumatic stress disorder has contributed to the use of medications which have been shown to be potentially harmful to the injured brain (Raji et al., 2015) in those with a TBI. For example, anti-psychotics have been shown to be neurotoxic and can potentially impede any neurological regeneration which might otherwise occur (Phelps et al., 2014).

These data presented herein make an intriguing case for the potential of multi-watt NIR laser therapy as a safe and effective modality for the treatment of TBI and possibly other neurological insults. This multi-Watt modality provides sufficient energy delivery to the skin to yield biologically meaningful fluence at the site of brain injury (Henderson and Morries, 2015a, b; Morries et al., 2015; Tedford et al., 2015), which can be 1--7 cm from the scalp surface. Moreover, our data indicate that multi-Watt NIR laser therapy appears to induce a persistent change in neurological function (Morries et al., 2015), given patients have maintained their clinical improvements for years after treatment. Indeed, it is possible that multi-watt NILT induces a neuroregenerative change, based on the evidence of neurotrophin induction in animal models (*e.g*., Xuan et al., 2014) and the improvement of neurological function revealed with serial functional neuroimaging (Henderson and Morries, 2015b).
